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Background. Humans and animals are frequently subjected
to food deprivation or starvation. However, the adaptation of
the kidney to this condition is not well understood. The purpose
of these studies was to examine the effects of food deprivation
on water handling by the kidney, the expression levels of col-
lecting duct (CD) water channel aquaporin-2 (AQP2), and to
determine the role of vasopressin in the adaptation of AQP2 to
food deprivation.
Methods. Sprague-Dawley (SD) and Brattleboro rats were
placed in metabolic cages and deprived of food but had free
access to water for 72 hours. Water balance and urine osmo-
lality were measured daily. Kidney tissues were isolated and
examined for the expression of AQP2 using semiquantitative
immunoblotting and Northern hybridization. The circulating
level of vasopressin and the mRNA expression levels of its pre-
cursor were determined by radioimmunoassay and Northern
hybridization, respectively.
Results. In SD rats, the first 24 hours of food deprivation
is associated with a significant polyuria and decreased urine
osmolality (Uosm). This correlated with a significant down-
regulation of AQP2 in the cortex and outer medulla. After
72 hours of food deprivation, Uosm increased above baseline,
and urine volume dropped to a lower value. This was associ-
ated with a rebound increase in AQP2 expression in the cortex
and OM and its up-regulation in the inner medulla. Interest-
ingly, vasopressin mRNA expression and plasma levels were
unchanged during food deprivation. Further, in homozygous
Brattleboro rats, in which endogenous vasopressin is absent,
food deprivation caused changes in urine volume, urine osmo-
lality, and AQP2 expression, which are qualitatively similar to
those observed in normal rats.
Conclusion. Food deprivation impairs water handling by the
kidney by causing dual changes in urine volume and urine os-
molality. This effect is associated with parallel alterations in the
expression of AQP2 and is independent of vasopressin activity.
It is concluded that the increase in water reabsorption in the
CD is an adaptive response of the kidney to a long period of
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food deprivation and is mediated via a vasopressin-independent
mechanism.
Starvation is associated with important metabolic, hor-
monal, and functional alterations in both humans and
experimental animals [1–3]. However, the physiologic
changes exhibited by the kidney in response to starvation
or food deprivation are not fully understood. In the rat,
it has been shown that fasting causes a dual effect on re-
nal function characterized by an initial decrease in whole
kidney glomerular filtration (GFR) and single nephron
GFR (SNGFR), followed by an adaptive normalization
of both GFR and SNGFR [4]. With regard to the regula-
tion of water metabolism, an increase in water excretion
at least during the first week of fasting was reported in
humans [5], whereas rabbits exhibit polyuria and poly-
dipsia syndrome that is sustained for at least 72 hours of
fasting [6]. The molecular basis and signaling pathways
for fasting-induced disordered water homeostasis are still
unclear. Studies from our laboratory demonstrated that
rats deprived of food for 24 hours developed polyuria
and decreased urine osmolality despite a decrease in wa-
ter intake [7]. This resulted from down-regulation of cor-
tical and outer medullary collecting duct water channel
aquaporin-2 (AQP2) [7]. However, the adaptation of rat
kidney to long-term fasting, in terms of water handling,
and the signaling pathways that might be involved in this
adaptation remain to be studied.
The maintenance of the tonicity of body fluid within
a narrow physiologic range is made possible by homeo-
static mechanisms that regulate the intake and excretion
of water. The kidney plays a central role in the mainte-
nance of water homeostasis as it conserves water in states
of water restriction or increases its excretion in case of wa-
ter loading. Antidiuretic hormone (ADH) or vasopressin
(AVP), acting through its V2 receptor in the principal cells
of collecting duct system, is crucial to water conservation
by the kidney by regulating the expression and activity of
water absorbing channels present in the distal nephron.
It is now well recognized that AQP2 is the vasopressin-
stimulated water channel in the collecting duct system
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[8]. AQP2 is expressed in the apical membrane or stored
in the intracellular vesicles of principal cells, and medi-
ates water reabsorption in response to AVP stimulation
[8]. Thus, AQP2 constitutes the limiting barrier for wa-
ter reabsorption in the kidney. The presence of AQP3
and AQP4 in the basolateral membrane of the same cells
bearing AQP2 contributes to water reabsorption by me-
diating the transfer of water from cells to the blood space
[8]. In addition, several other aquaporins are expressed
in the kidney. AQP1 is constitutively expressed in both
apical and basolateral membranes of the proximal tubule
and descending limb cells, as well as in endothelial cells
of descending vasa recta [9]. AQP6 is present in the col-
lecting duct intercalated cells [10], AQP7 is abundant in
the brush border of proximal tubule [11], and AQP8 is
expressed at low levels in the proximal tubule and col-
lecting duct principal cells [12]. AQP7 is likely involved in
the isoosmotic water reabsorption in the proximal tubule,
whereas the physiologic role of AQP6 and AQP8 remains
unclear [13].
The present work was undertaken to study the effects
of long-term food deprivation on water transport by the
kidney. To this end, water balance and urine osmolality
were measured daily in rat placed in metabolic cages, and
the expression of major apical water channels in different
regions of the kidney was examined. In additional exper-
iments, the role of selective electrolytes deprivation and
circulating levels of vasopressin in fasting-induced disor-
dered water balance were studied.
METHODS
The experimental protocols were approved by Institu-
tional Animal Care and Use Committee of University
of Cincinnati. Male Sprague-Dawley rats (Harlan,
Indianapolis, IN, USA) were housed 2 rats/cage with free
access to rat chow and distilled water and maintained in
a temperature controlled room regulated on a 12-hour
light/dark cycle for 1 week before and during the follow-
ing treatments.
Food deprivation
Male Sprague-Dawley rats (200–250 g) were placed in
metabolic cages and allowed free access to food and wa-
ter. After 3 to 4 days of adjustment to metabolic cages, rats
were randomly divided into 3 groups. One group (control,
N = 5 rat) had free access to food and water; the second
group (N = 10 rats) was deprived of food but had free
access to water for up to 72 hours (food deprivation). In
the fasting group, 5 rats were sacrificed after 24 hours, and
5 rats were sacrifice after 72 hours of food deprivation.
A similar experiment was repeated with Brattleboro rats
(N = 4 rats in each group).
Water deprivation
Male Sprague-Dawley rats were placed in metabolic
cages, and randomly divided into 2 groups. One group
(control, N = 6 rats) had free access to food and wa-
ter, whereas the second group (N = 6 rats) was de-
prived of water but had free access to food for 72 hours
(dehydration).
Selective electrolytes deprivation
Male Sprague-Dawley rats were placed in metabolic
cages and fed control diet with free access to distilled wa-
ter. After 3 or 4 days, rats were divided into 2 groups. The
control group had access to a normal diet (control, N = 5
rats), the second group was placed either on sodium-free
diet (N = 5 rats) or on a chloride-free diet (N = 5 rats).
All rats in these groups had free access to distilled water
during the experiment. The control diet for Na+-deficient
diet was 1% NaCl diet (# TD 90229). In the Na+-deficient
diet (# TD 90228), chloride was provided with choline and
other minerals. For chloride-deficient diets (# TD 91348),
a control diet (# TD 99017) that has 0.17% Cl− and was
used. These diets were purchased from Harlan (Harlan
Teklad, Madison, WI, USA).
During each of the above studies, water intake, urine
volume, and urine osmolality were measured daily. At
the end of each experiment, the animals were sacrificed
and the kidneys were removed. Cortex, inner stripe of
outer medulla, and inner medulla were dissected and snap
frozen in liquid nitrogen, and stored at −80◦C for to-
tal RNA and membrane protein isolation. For Northern
blotting, cortex and outer medulla (OM) isolated from 2
kidneys of each animal were pooled as N = 1 cortex and
N = 1 OM. For inner medulla (IM), tissues from 4 or 5
kidneys were pooled for RNA isolation in order to gen-
erate 2 different samples. Another sample was generated
from pooled IM of 6 kidneys harvested from rats used in
hormone measurement study (see below). Briefly, N = 3
different RNA samples isolated from different rats were
loaded into Northern blot gels and probed with AQP2
probe. However, for Western blotting, 2 small pieces of
cortex, outer medulla (OM), or inner medulla (IM) were
dissected from 2 kidneys of the same rat and combined
into 1 sample. Hence, 5 samples from 5 different rats (N =
5 rats) were loaded into Western blotting gels.
To determine the net body weight of control and food-
deprived rats, the animals were first weighed, and after
anesthesia and tissues removal, the gastrointestinal (GI)
tract was excised from the end of the esophagus to the
rectum and weighed. The weight of GI tract of rats fasted
for 72 hours (free of food) was subtracted from the weight
of the GI tract of control and 24-hour fasted rats. This
determined the weight of food content in the GI tract of
these animals. This food weight was then subtracted from
the initial body weight of control and 24-hour fasted rats.
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Measurement of the circulating levels of vasopressin and
adrenal steroids
Rats were subjected to food deprivation, dehydration,
or control as described above, and decapitated at the end
of the treatment. Blood was collected for plasma or serum
isolation, and the whole brain was dissected and rapidly
frozen in liquid nitrogen and stored at −80◦C for total
RNA isolation. Plasma vasopressin concentration was
determined by radioimmunoassay after a peptide extrac-
tion procedure according to the manufacturer’s proto-
col (Peninsula Laboratories, Inc., San Carlos, CA, USA).
The serum levels of corticosterone and aldosterone were
measured using radioimmunoassay kits (ICN Biomedi-
cals, Inc., Costa Mesa, CA, USA).
Total RNA isolation
Total cellular RNA was extracted from renal cortex,
outer medulla, and inner medulla by the method of
Chomczynski and Sacchi [14]. In brief, tissues from cor-
tex, OM, IM, or brain were homogenized in Tri Reagent
(Molecular Research Center, Inc., Cincinnati, OH, USA)
at room temperature. Total RNA was extracted by phe-
nol/chloroform and precipitated by isopropanol. Total
RNA was quantitated by spectrophotometry and stored
at −80◦C.
Northern hybridization
Total RNA samples (30 lg/lane) were fractionated
on a 1.2% agarose-formaldehyde gel and transferred to
Magna NT nylon membranes using 10× sodium chloride-
sodium phosphate-EDTA (SSPE) as transfer buffer.
Membranes were cross-linked by ultraviolet light and
baked for 1 hour. Hybridization was performed accord-
ing to Church and Gilbert [15], and as previously used in
our laboratory [7, 16–18]. Membranes were hybridized
overnight with 32P-labeled specific DNA probes (25 ng).
The membranes were washed, blotted, and exposed to
Phosphor-imager cassette at room temperature for 24 to
72 hours, and read by Phosphor-imager (Molecular Dy-
namics, Sunnyvale, CA, USA). Specific probes for AQP2
and vasopressin prohormone genes were generated by
polymerase chain reaction (PCR) as previously described
in our laboratory [7, 19].
Preparation of membrane fractions from renal cortex,
outer medulla, and inner medulla
A total cellular fraction containing plasma membrane
and intracellular membrane vesicles was prepared from
cortex, outer medulla, and inner medulla as previously
described [16–20]. Briefly, the tissue samples were ho-
mogenized in ice-cold isolation solution (250 mmol/L
sucrose and 10 mmol/L triethanolamine, pH 7.6) contain-
ing protease inhibitors (phenylmethanesulfonyl fluoride,
0.1 mg/mL; leupeptine 1 lg/mL), using a Polytron homog-
enizer. The homogenate was centrifuged at low speed
(1000g) for 10 minutes at 4◦C to remove nuclei and cell
debris. The supernatant was spun at 150,000g for 90 min-
utes at 4◦C. The pellet containing plasma membrane and
intracellular vesicles was suspended in isolation solution
with protease inhibitors. The total protein concentration
was measured, and the membrane fractions were solubi-
lized at 65◦C for 20 minutes in Laemmli buffer.
Electrophoresis and immunoblotting
Semiquantitative immunoblotting experiments were
carried out as previously described [16–20]. Briefly, the
solubilized membrane proteins were size fractionated
on 10% polyacrylamide minigels (Novex, San Diego,
CA, USA) under denaturing conditions. Using a Bio-
Rad transfer apparatus (Bio-Rad Laboratories, Hercules,
CA, USA), the proteins were electrophoretically trans-
ferred to a nitrocellulose membrane. The membrane was
blocked with 5% milk proteins, and then probed with
affinity-purified antibody. The secondary antibody was a
donkey antirabbit IgG conjugated to horseradish perox-
idase (Pierce, Rockford, IL, USA). The site of antigen-
antibody complexation on the nitrocellulose membranes
was visualized using chemiluminescence method (Super-
Signal Substrate; Pierce) and captured on light sensitive
imaging film (Kodak, Rochester, NY, USA). The equity
in protein loading in all blots was first verified by gel stain-
ing using the coomassie brilliant blue R-250 (Bio-Rad) as
previously described [7].
Materials
32P-dCTP was purchased from New England Nuclear
(Boston, MA, USA). Nitrocellulose filters and other
chemicals were purchased from Sigma Chemical Co.
(St. Louis, MO, USA). High Prime DNA labeling kit was
purchased from Roche Diagnostics GmbH (Mannheim,
Germany). AQP2 antibody was generated using commer-
cial service (ref. [7]), and AQP1 antibody was purchased
from Alpha Diagnostic International (San Antonio, TX,
USA).
Statistic analysis
Semiquantification of immunoblot and Northern hy-
bridization band densities was determined by densito-
metry using a scanner (ScanJet ADF; Hewlett Packard,
www.scanjet.hp.com) and UN-SCAN-IT gel software
(Silk Scientific, Inc., Orem, UT, USA) and ImageQuaNT
software (Molecular Dynamics), respectively. Data were
expressed as% of control. Results were presented as
mean ± SE. Statistical significance between control and
experimental groups was determined by one-way analy-
sis of variance (ANOVA) or Student unpaired t test as
needed. P < 0.05 was considered significant.
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Fig. 1. Effects of food deprivation on water balance and urine osmolality. Teen rats were placed in metabolic cages, with free access to food and
water. At time 0, rats were deprived of food but had free access to water. Water intake (A), urine volume (B), and urine osmolality (C) were
monitored every 24 hours for the duration of the experiment. Rats were sacrificed after 24 (N = 5) and 72 (N = 5) hours of food deprivation. ∗P <
0.0001, ∗∗P < 0.001, §P < 0.002 vs. baseline.
RESULTS
Effects of food deprivation on water balance and urine
osmolality
For these studies, rats were placed in metabolic cages
and allowed access to food and distilled water ad libitum.
Water intake, urine volume, and urine osmolality were
measured daily. At a steady state, the average baseline
volumes of water intake and urine production were 26 ±
0.3 mL/24h (Fig. 1A) and 7.1 ± 0.95 mL/24h (Fig. 1B),
respectively. The baseline urine osmolality was 1381 ±
47 mOsm/kgH2O (Fig. 1C). After food removal (water
present), urine volume increased significantly to 13 ±
1 mL/24h (P < 0.002 vs. baseline, Fig. 1B) within the first
24 hours of food deprivation, but returned to a lower level
(1.5 ± 0.24 mL/24h, Fig. 1B) after 72 hours of food depri-
vation (P < 0.0001 vs. baseline, Fig. 1B). This dual effect of
food deprivation on urine volume correlated with a recip-
rocal changes in urine osmolality, which first decreased to
424 ± 38 mOsm/kgH2O (P < 0.0001 vs. baseline, Fig. 1C)
within 24 hours of food deprivation, and then increased to
a maximal value of 3440 ± 470 mOsm/kgH2O (P < 0.001
vs. baseline, Fig. 1C) after 72 hours of food deprivation.
Interestingly, water intake decreased significantly to 12 ±
1.13 mL/24h (P < 0.001 vs. baseline, Fig. 1A) within the
first 24 hours, and further decreased to 4 ± 0.40 mL/24h
after 72 hours of food deprivation (P < 0.0001 vs. baseline,
Fig. 1A). Water intake, urine volume, and urine osmolal-
ity remained unchanged in the time control group (data
not shown). These results indicate that food deprivation
has dual effect on urine volume and urine osmolality as-
sociated with a marked and sustained reduction in water
intake.
Molecular basis for altered urine volume and
urine osmolality during food deprivation
Regulation of AQP2 expression in food deprivation.
Expression of AQP2 in the cortex. Figure 2A shows
the immunoblot of AQP2 protein abundance in the cortex
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Fig. 2. Expression of cortical AQP2 in food deprivation (FD). The expression of AQP2 was examined in the cortex harvested from control and
food-deprived rats. Immunoblotting experiments showing AQP2 protein abundance in membrane fractions isolated from cortex (A, upper panel).
Corresponding densitometric analysis showing a biphasic effect of food deprivation on AQP2 protein abundance (∗P < 0.0001 vs. control, ∗∗P <
0.001 vs. 24 hours of food deprivation, N = 5 rats in each group) (lower panel). Densitometric analysis showing the mean expression of AQP2
mRNA-to-28S rRNA in the cortex of control and food deprived rats (B). Food deprivation did not alter AQP2 mRNA at 24 hours but increased its
expression levels after 72 hours (§P < 0.01 vs. control, N = 5 rats in each group). Twenty micrograms of total protein and 30 lg of total RNA from
different rats were loaded per lane in the immunoblotting (A) and Northern hybridization experiments (B), respectively.
of control and food-deprived rats. As previously shown
in our laboratory [7], 24 hours of food deprivation caused
79% decrease in AQP2 protein abundance as compared
to control group (21 ± 5% in 24-hr food deprivation vs.
100 ± 10% in control, P < 0.0001, Fig. 2A). This was fol-
lowed by a rebound increase in AQP2 protein abundance,
which returned to baseline level within 72 hours of food
deprivation (104 ± 13%, P < 0.001 vs. 24 hours of food de-
privation, Fig. 2A). Northern hybridization experiment,
shown in Figure 2B, indicates that AQP2 mRNA expres-
sion remained unchanged during the first 24 hours, but
increased significantly after 72 hours of food deprivation
(140 ± 10% vs. 100 ± 8% in control, P < 0.01, Fig. 2B).
Expression of AQP2 in the outer medulla. Im-
munoblot studies depicted in Figure 3A shows AQP2
protein abundance in the outer medulla isolated from
control and food-deprived rats. As indicated, AQP2 pro-
tein abundance decreased by 78% within the first 24 hours
of food deprivation (22 ± 6% vs. 100 ± 19% in con-
trol, P < 0.0001, Fig. 3A), and then increased above
baseline level after 72 hours of food deprivation (169 ±
25%, P < 0.0001 vs. 24-hr food deprivation, Fig. 3A).
Figure 3B shows Northern hybridization experiment of
outer medullary AQP2 mRNA expression in response
to food deprivation. As indicated, AQP2 mRNA first de-
creased by 30% within 24 hours of food deprivation (69 ±
6% vs. 100 ± 10% in control, P < 0.05, Fig. 3B), and then
increased above baseline level after 72 hours of food de-
privation (150 ± 6%, P < 0.01, Fig. 3B).
Expression of AQP2 in the inner medulla. Figure 4A
shows immunoblots of AQP2 protein abundance in the
inner medulla of kidneys harvested from control and
food-deprived rats. As shown, AQP2 protein abundance
was not altered (P > 0.05 vs. control, Fig. 4A) at 24 hours,
but increased significantly after 72 hours of food depri-
vation (150 ± 6% vs. 100 ± 14% in control, P < 0.004,
Fig. 4A). Similarly, Northern hybridization experiments
shown in Figure 4B indicate that food deprivation did not
alter AQP2 mRNA expression after 24 hours of food de-
privation, but did increase its levels above baseline after
72 hours (145 ± 11% vs. 100 ± 3% in control, P < 0.05,
Fig. 4B).
Regulation of AQP1 in response to food deprivation.
The expression of AQP1 was examined in the cortex,
outer, and inner medulla of rats subjected to either con-
trol or food deprivation for 72 hours. The immunoblot
shown in Figure 5 indicates that AQP1 protein abun-
dance in the cortex remained unchanged during the entire
period of food deprivation (P > 0.05, Fig. 5). Similarly,
AQP1 protein abundance was not altered in response to
food deprivation in both outer and inner medulla (data
not shown).
Effects of selective electrolytes deprivation on water
balance and urine osmolality
Effects of Na+ deprivation. Rats were placed in
metabolic cages and fed control diet for 4 days and then
switched to a Na+-free diet for another 5 days. Rats
had free access to distilled water for the entire experi-
ment. Water intake, urine volume, and urine osmolality
were measured daily. As shown in Figure 6, selective Na+
deprivation did not significantly alter water intake (P >
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Fig. 3. Expression of outer medullary AQP2 in food deprivation (FD). Outer medulla was isolated from kidneys of control and food-deprived rats
and used for total membrane proteins and total RNA isolation (A). Immunoblotting experiments showing AQP2 protein abundance in the outer
medulla (upper panel). Corresponding densitometric analysis showing dual effect of food deprivation on AQP2 protein abundance (§P < 0.0001
vs. control, ∗P < 0.0001 vs. 24 hours of food deprivation, §§P < 0.01 vs. control, ∗∗P < 0.001 vs. 24 hours of food deprivation, N = 5 rats in each
group) (lower panel). Densitometric analysis showing the mean expression of AQP2 mRNA-to-28S rRNA in the outer medulla of control and food
deprived rats (B). AQP2 mRNA expression levels correlates with its protein abundance in food deprivation (∗P < 0.05 vs. control, §P < 0.01 vs.
24 hours of food deprivation, N = 5 rats in each group). Twelve micrograms of total protein and 30 lg of total RNA from different rats were loaded
per lane in the immunoblotting (A) and Northern hybridization experiments (B), respectively.
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and used for total membrane proteins and total RNA isolation (A). Immunoblotting experiments showing AQP2 protein abundance in the inner
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Densitometric analysis showing the mean expression of AQP2 mRNA-to-28S rRNA in the inner medulla of control and food deprived rats (B).
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RNA samples isolated from pooled IM tissues of different rats in each group). Three micrograms of total protein and 30 lg of total RNA from
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0.05, Fig. 6A), urine volume (P > 0.05, Fig. 6B), or urine
osmolality (P > 0.05, Fig. 6C).
Effects of chloride deprivation. The experiment was
conducted exactly as described above for Na+ depri-
vation studies except that the rats were switched from
control to a chloride-free diet. As indicated in Figure 7,
selective chloride deprivation for 5 days caused a slight
decrease in water intake (Fig. 7A) and urine volume
(Fig. 7B), but did not alter urine osmolality (Fig. 7C).
Effects of potassium deprivation. In contrast to Na+
or Cl− depletion, K+ deprivation was associated with a
significant impairment in water balance and urine osmo-
lality, as indicated by a sustained polyuria, polydipsia, and
decreased urine osmolality (data not shown). Similar re-
sults were previously reported by our laboratory [18].
These results indicate that the dual effect of food de-
privation on urine volume and urine osmolality is not
secondary to Na+, K+, or Cl− deficiencies, and is rather
associated with total food deprivation.
Effect of food deprivation versus water deprivation on
vasopressin synthesis and secretion
Vasopressin (AVP) plays an important role in water
homeostasis by regulating the trafficking and expression
of AQP2. The rationale behind the following experiments
was to test whether the effects of food deprivation on wa-
ter metabolism are mediated via changes in vasopressin
levels. As a positive control for these studies, a dehy-
dration protocol was also used. Accordingly, 3 groups
of rats were treated as follows: control (water + food),
food deprivation (water present), or water deprivation
(food present). Rats were sacrificed after 24 hours or
72 hours, and blood was collected for plasma prepara-
tion and brain was saved for total RNA isolation. The
circulating levels of vasopressin and the mRNA expres-
sion of vasopressin’s pre-pro-hormone were measured by
RIA and Northern hybridization, respectively. Interest-
ingly, the results shown in Figure 8 indicate that the circu-
lating levels of AVP (Fig. 8A) and its mRNA expression
levels (Fig. 8B) remained unchanged during the entire pe-
riod of food deprivation (P > 0.05 vs. control). However,
and as expected, rats subjected to water deprivation for
72 hours exhibited a significant increase in plasma AVP
concentration (P < 0.008 vs. control, Fig. 9A) that corre-
lated with enhanced vasopressin mRNA expression lev-
els (P < 0.004 vs. control, Fig. 9B). Rats subjected to water
deprivation for 72 hours exhibited an increase in urine os-
molality and showed an up-regulation of AQP2 at both
protein and mRNA levels in all 3 regions of the kidney
[20]. These results suggest that the regulation of water
metabolism and AQP2 expression in response to food
deprivation is mediated via a vasopressin-independent
mechanism.
Effects of food deprivation on the circulating levels of
adrenal steroids
In addition to vasopressin, mineralocorticoids and glu-
cocorticoids also play an important role in the regulation
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Fig. 6. Water balance and urine osmolality in response to sodium deprivation. Five rats were placed in metabolic cages and fed control diet with
free access to distilled water for four days. At time 0, rats were switched to a Na+-free diet but remained on distilled water for another 5 days. Water
intake (A), urine volume (B), and urine osmolality (C) were monitored every 24 hours for the duration of the experiment.
of water homeostasis. Hence, the circulating levels of
aldosterone and corticosterone in control and food-
deprived rats were measured using radioimmunoassay
kits. The results indicate that food deprivation is associ-
ated with a significant increase in corticosterone levels
within 24 hours of food deprivation (206 ± 56 vs. 70 ±
18 ng/mL in control, P < 0.05, N = 6 rats in each group,
Fig. 10A), and further increased to 445 ± 61 ng/mL after
72 hours of food deprivation (P < 0.01 vs. control, N =
6 rats in each, Fig. 10A). Aldosterone levels, however,
remained unchanged during the entire period of food de-
privation (97 ± 13 vs. 108 ± 19 and 111 ± 23 pg/mL for
control vs. 24 and 72 hours of food deprivation, respec-
tively, P >.005, N = 6 rats in each group, Fig. 10B).
Effects of food deprivation on water metabolism
and collecting duct AQP2 in Brattleboro rats
The above results indicate that the synthesis and cir-
culating levels of vasopressin did not change in food-
deprived rats, despite a significant decrease in water
intake. This, however, does not exclude that the dual ef-
fect of food deprivation on AQP2 expression could result
from changes in the sensitivity of collecting duct system to
vasopressin. Hence, the objective of these studies was to
examine the effects of food deprivation on water balance,
urine osmolality, and AQP2 expression using a different
strain of rat that is endogenously deficient in vasopressin.
Water balance and urine osmolality. Brattleboro rats
were placed in metabolic cages and allowed access to
food and distilled water ad libitum. Water intake, urine
volume, and urine osmolality were measured daily. At a
steady state, Brattleboro rats exhibited a massive poly-
dipsia (101 ± 10 mL/24h, Fig. 11A), polyuria (72 ±
5 mL/24h, Fig. 11B), and produced severely hypotonic
urine (201 ± 8 mOsm/kg H2O, Fig. 11C) as a result of va-
sopressin deficiency. After food removal (water present),
urine volume increased slightly to 86 ± 5 mL/24h (P <
0.05 vs. baseline, Fig. 11B) within the first 24 hours of
food deprivation, and then decreased to a lower level
(35 ± 4 mL/24h, Fig. 11B) after 72 hours of food depriva-
tion (P < 0.0001 vs. baseline, Fig. 11B). This dual effect
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Fig. 7. Water balance and urine osmolality in response to chloride deprivation. Five rats were placed in metabolic cages and fed control diet with
free access to distilled water for three days. At time 0, rats were switched to a chloride-free diet but remained on distilled water for another 5 days.
Water intake (A), urine volume (B), and urine osmolality (C) were monitored every 24 hours for the duration of the experiment.
of food deprivation on urine volume correlates with a
reciprocal changes in urine osmolality, which first de-
creased to 57 ± 5 mOsm/kgH2O (P < 0.001 vs. baseline,
Fig. 11C) within 24 hours, and then increased to a maximal
value of 622 ± 99 mOsm/kgH2O (P < 0.001 vs. baseline,
Fig. 11C) after 72 hours of food deprivation. Water intake
decreased first to 72 ± 6 mL/24h (P < 0.02 vs. baseline,
Fig. 11A) after 24 hours and further decreased to 37 ±
3 mL/24h after 72 hours of food deprivation (P < 0.0001
vs. baseline, Fig. 11A). Water intake, urine volume, and
urine osmolality remained unchanged in the time control
group (data not shown). These results indicate that food
deprivation induces dual effect on urine volume and urine
osmolality in Brattleboro rats, despite the absence of en-
dogenous vasopressin. This effect is qualitatively similar
to that observed above in Sprague-Dawley rats (shown in
Fig. 1).
AQP2 expression in food-deprived Brattleboro rats.
The expression of AQP2 was examined by immunoblot-
ting and Northern hybridization in the cortex, outer and
inner medulla of kidneys harvested from control and
food-deprived Brattleboro rats. The results depicted in
Figure 12 indicate that food deprivation decreased AQP2
protein abundance in the cortex by 67% (33 ± 8% vs.
100 ± 20% in control, P < 0.001, Fig. 12A). This was
followed by a rebound increase in AQP2 protein abun-
dance after 72 hours of food deprivation (122 ± 8%, P <
0.001 vs. 24 hours of food deprivation, Fig. 12A). North-
ern hybridization experiment shown in Figure 12B indi-
cates that AQP2 mRNA expression remained unchanged
during the first 24 hours, but increased significantly after
72 hours of food deprivation (127 ± 10% vs. 88 ± 9% in
24 hours food deprivation, P < 0.05, Fig. 12B).
In the outer medulla, AQP2 protein abundance first de-
creased by 45% within 24 hours of food deprivation (55 ±
4% vs. 100 ± 8% in control, P < 0.001, Fig. 13A), and then
increased significantly toward baseline levels (80 ± 7%,
P < 0.05 vs. 24 hours food deprivation, Fig. 13A) after
72 hours of food deprivation. AQP2 mRNA expression
correlated with its protein levels as it was decreased by
36% after 24 hours of food deprivation (64 ± 3% vs. 100 ±
11 in control, P < 0.04, Fig 13B) and then increased close
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to baseline levels (96 ± 15%, P < 0.05 vs. 24 hours of food
deprivation, Fig. 13B) after 72 hours of food deprivation.
In the inner medulla, immunoblotting experiment,
shown in Figure 14, indicates that food deprivation
did not alter AQP2 protein abundance during the first
24 hours, but caused a 5.5-fold increase in its abundance
within 72 hours (555 ± 50% vs. 100 ± 30% in control, P <
0.001, Fig. 14).
These results obtained in Brattleboro are similar to
those obtained (see above) in Sprague-Dawley rats, and
thus suggest that the effects of food deprivation on urine
volume and AQP2 expression are likely independent of
vasopressin activity.
Effects of food deprivation on body weight, plasma
osmolality, and urinary Na+ excretion
The effects of fasting on body weight, plasma os-
molality, and urinary Na+ excretion were determined
in Sprague-Dawley rats placed in metabolic cages and
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Fig. 11. Effects of food deprivation on water balance and urine osmolality in Brattleboro rats. Eight rats were placed in metabolic cages, with
free access to food and water. At time 0, rats were deprived of food but had free access to water. Water intake (A), urine volume (B), and urine
osmolality (C) were monitored every 24 hours for the duration of the experiment. Rats were sacrificed after 24 (N = 4) and 72 (N = 5) hours of
food deprivation. ∗P < 0.0.05, ∗∗P < 0.02 §P < 0.001, §§P < 0.0001 vs. baseline.
subjected to control or food deprivation (water present)
for 72 hours. Urine was collected daily for urinary Na+
concentration measurement. Fasted rats were sacrificed
after 24 hours, 48 hours, and 72 hours of food depriva-
tion. The net body weight was determined as described
above in Methods, and blood was collected for plasma os-
molality measurement. The results depicted in Figure 15
indicate that food deprivation resulted in a significant
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and progressive decrease in net body weight (from 156
± 1.06 g before to 121 ± 2.25 g after 72 hours of fasting,
P < 0.001, Fig. 15A). The plasma osmolality, however,
remained unchanged, except for a slight but significant
increase after 72 hours of fasting (307 ± 2 vs. 298 ± 3.16
mOsm/kg H2O in control, P < 0.05, Fig. 15B). Interest-
ingly, in addition to early polyuria of fasting, we did ob-
serve a significant Na+ wasting during the entire period
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of fasting (Na+ excretion was 1.25 ± 0.08 mEq/24h in con-
trol, and decreased to 0.5 ± 0.03 mEq/24h after 24 hours
of fasting, and to 0.20 ± 0.05 mEq/24hrs after 72 hours
of fasting, P < 0.001 vs. control, N = 4 to 5 rats in each
group). In Na+-deprived animals, however, urinary Na+
excretion dropped to near zero within the first 48 hours
of treatment (data not shown). These results indicate that
fasting is associated with an isotonic dehydration, which
could explain the stability of plasma osmolality, and per-
haps the lack of changes in plasma vasopressin levels.
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DISCUSSION
In the present studies, we examined the effects of
food deprivation on water handling by rat kidney. Food
deprivation was associated with dual effect on urine vol-
ume and urine osmolality, along with a sustained decrease
in water intake (Fig. 1). Previous studies from our labo-
ratory showed that 24 hours of food deprivation is as-
sociated with polyuria and decreased urine osmolality,
despite a reduction in water intake [7]. This effect re-
sults primarily from the down-regulation of collecting
duct AQP2 [7]. The rebound increase in urine osmolal-
ity (Fig. 1C) after 72 hours of food deprivation corre-
lates with a reciprocal decrease in urine volume (Fig. 1B),
likely suggesting an increase in water reabsorption in the
collecting duct system.
Semiquantitative immunoblotting indicated that
24 hours of food deprivation causes a significant de-
crease in AQP2 protein abundance in the cortex (Fig. 2)
and outer medulla (Fig. 3), but not in the inner medulla
(Fig. 4). Northern hybridization studies indicated that
AQP2 mRNA expression correlated with the down-
regulation of AQP2 protein in the outer medulla, but
remained unchanged in the cortex (Figs. 2B and 3B).
These results confirm our previous report on AQP2
expression in response to 24 hours of food deprivation
[7]. After 24 hours of food deprivation, a significant
increase in AQP2 protein abundance occurred in the
cortex (Fig. 2A), outer (Fig. 3A), and inner medulla
(Fig. 4A) of rats deprived of food for 72 hours. The
up-regulation of AQP2 protein correlates with an
increase in its mRNA expression levels in all 3 kidney
regions (Figs. 2B, 3B, and 4B). AQP1 protein abundance
remained unchanged during the entire period of food
deprivation (Fig. 5). Hence, it is likely that the increased
urine osmolality and decreased urine volume after
72 hours of food deprivation resulted from increased
water reabsorption in the collecting duct, mediated
through the up-regulated apical water channel AQP2.
The increase in water reabsorption is an appropriate
response of the kidney, which permits the survival during
a prolonged period of starvation.
The mechanism underlying the dual effect of food de-
privation on water balance and AQP2 expression remains
unclear. It is well established that vasopressin or antid-
iuretic hormone (ADH) plays an important role in the
regulation of water metabolism. Vasopressin, through its
V2 receptor, induces an immediate increase in water re-
absorption in the collecting duct via activation of AQP2
trafficking from cytoplasmic vesicles to apical plasma
membrane [8]. In chronic pathophysiologic conditions as-
sociated with elevated plasma AVP concentration or its
activity, such as dehydration [21], pregnancy [22], liver
cirrhosis [23, 24], and congestive heart failure [25], long-
term exposure of principal cells to AVP is associated
with an increase in the expression of AQP2 secondary
to the activation of AQP2 gene transcription. The in-
crease in cAMP after AVP stimulation, and the presence
of a cAMP-responsive element in the promoter region of
AQP2 gene, is supportive of this regulatory mechanism
[26]. In conditions associated with decreased plasma lev-
els of AVP, such as in excess water loading [27, 28], en-
dogenous AVP deficiency [29], or mutation in the V2 re-
ceptor [30, 31], nephrogenic diabetes insipidus develops
and correlates with the down-regulation of collecting duct
AQP2 expression. Hence, to determine whether the dual
effect of food deprivation on AQP2 expression and urine
production resulted from changes in vasopressin, we have
measured both its plasma concentration and the mRNA
expression levels of its precursor in the brain. The results
presented here demonstrate that both plasma AVP and
its mRNA expression levels remained unchanged (Fig. 8)
in food-deprived rats despite a significant decrease in wa-
ter intake (Fig. 1A). As a positive control for these stud-
ies, we demonstrated that water deprivation of rats for
72 hours, which produced an increase in urine osmolal-
ity similar to that observed in food deprivation [20], is
associated with a significant increase in both the circu-
lating and the mRNA expression levels of AVP (Fig. 9).
Further, in Brattleboro rats, with endogenous AVP defi-
ciency, food deprivation caused a biphasic effect on both
urine volume and AQP2 expression that is qualitatively
similar to that observed in normal rats (Figs. 11, 12 to
14). Hence, these findings clearly indicate that the effects
of food deprivation on AQP2 expression are mediated
via a vasopressin-independent mechanism. This mecha-
nism, whatever it is, is not triggered by hypoglycemia [7],
electrolytes, or protein deprivation. Selective sodium and
chloride deprivation did not alter water balance or urine
osmolality (Figs. 6 and 7), whereas chronic potassium de-
pletion and protein deprivation are shown to be associ-
ated with polyuria and decreased AQP2 expression [18,
32, 33]. It should be noted that the effect of food depri-
vation on AQP2 trafficking from the subapical vesicles
to the plasma membrane is not examined in this study.
The stability of plasma AVP levels does not completely
exclude an eventual role of altered AQP2 shuttling in de-
creased water permeability (during 24 hours of fasting)
or increased water retention (after 72 hours of fasting) in
the collecting duct.
The present studies demonstrate that food deprivation
is also associated with a significant increase in circulat-
ing levels of corticosterone, but not aldosterone (Fig. 10).
Whether corticosterone mediates the regulation of AQP2
in food deprivation is not demonstrated in these stud-
ies. It is well established, however, that glucocorticoid
deficiency is associated with impaired water excretion
by the kidney [34–35], and this defect has been shown
to be resolved following glucocorticoid administration
to glucocorticoid-deficient animals partly by increasing
atrial natriuretic peptide activity in the renal tubule [34].
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The defect in water excretion in glucocorticoid deficiency
has been the subject of several studies; however, the
molecular basis and signaling mechanism(s) underlying
this defect still remain unknown. Recent studies in dif-
ferent laboratories examined the effects of changes in
glucocorticoid levels on AQP2 expression in rat kidney
and reported conflicting results. Using the same model of
adrenalectomized rats supplemented with a fixed amount
of aldosterone to create a glucocorticoid-deficient ani-
mal, one study showed that AQP2 expression increased
significantly [36], and the other reported that the expres-
sion of AQP2 was not altered in glucocorticoid-deficient
animals [37].
The regulation of water transport and the expres-
sion and activity of AQP2 by a vasopressin-independent
mechanism is actually not unique to food deprivation.
A number of studies have shown that alteration in wa-
ter metabolism and down-regulation of AQP2 expres-
sion can occur independently of changes in vasopressin
levels or its activity in the collecting duct system. Re-
cently, we showed that both AQP2 and NKCC2 are
down-regulated in NHE3 deficient mice despite a signif-
icant increase in AVP synthesis and secretion [19]. Simi-
larly, AQP2 expression is down-regulated in water-loaded
rats bearing osmotic minipumps that maintain a higher
dose of circulating vasopressin [38]. Administration of
higher dose of vasopressin to lithium-treated rats did
not restore the expected antidiuresis, and caused only a
slight increase in AQP2 expression over vehicle-injected
lithium-treated rats [39]. In contrast, an up-regulation
of AQP2 expression in conjunction with significant in-
crease in urine osmolality can occur independently of va-
sopressin activity in the kidney. Such a phenomenon is
clearly demonstrated in food-deprived Brattleboro rats
in the present work (Figs. 11 to 14). This is supported
by a previous study, which showed a significant increase
in AQP2 protein abundance and mRNA expression lev-
els in kidneys of Brattleboro rats subjected to water
deprivation [40]. Furthermore, in the same lane of ar-
guments, a recent study demonstrated that dehydration
reversed water diuresis and AQP2 down-regulation in-
duced by a vasopressin V2 receptor antagonist OPC-
31260 [40]. In this study, the authors demonstrated that
in the continuous presence of OPC-31260, an increase
in AQP2 expression in conjunction with decreased urine
volume occurred in rats deprived of water, but not in
those injected with even higher dose of vasopressin [41].
Hence, it is clear from all these studies that AQP2
and water metabolism are regulated via a vasopressin-
independent mechanism in certain pathophysiologic con-
ductions. Alternatively, it has been shown that oxytocin
has dual effects on osmotic water permeability and can
produce an increase in cAMP content in the collect-
ing duct principal cells [42]. Whether the dual effects of
food deprivation on water metabolism and AQP2 ex-
pression are mediated through oxytocin remain to be
investigated.
CONCLUSION
Food deprivation is associated with dual effect on wa-
ter transport and AQP2 expression in the rat kidney. The
first 24 hours of food deprivation is associated with AQP2
down-regulation in the cortical and outer medullary col-
lecting duct in conjunction with polyuria and decreased
urine osmolality. After 72 hours, a decrease in urine vol-
ume and an increase in urine osmolality are developed
and correlate with a rebound increase in AQP2 expres-
sion in the entire collecting duct system. These changes
in AQP2 expression are independent of changes in the
circulating levels or synthesis of vasopressin and are not
mediated via alteration in the sensitivity of collecting duct
principal cells to this hormone.
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